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Pacific Northwest National Laboratory (PNNL) conducted this study at the request of the City of Seattle 
to determine possible enhancements to the City energy code. This technical assistance was provided 
through  the  U.S.  Department  of  Energy’s  Commercial  Building  Partnerships  program  as  part  of  an  effort  
to assist communities designated as Climate Action Champions.  The City of Seattle is a progressive 
municipality that has a history of innovation in energy codes.  
This project focused on adjustments to the energy code that would result in long-term and sustainable 
energy and environmental improvements. One facet of this goal is developing low carbon building 
operations that will facilitate the large goals of the City to reach near zero-carbon operations. For this 
reason the analysis performed focused on the environmental impacts of electric resistance heating in 
Seattle buildings. 
The study reviewed the existing City of Seattle code and confirmed that it already incorporates 
environmental measures that would reduce Green House Gas (GHG) emissions. A review of other 
progressive energy codes confirmed that most incremental code improvements have been explored by the 
City. Examples include an existing mandate for bicycle parking near new buildings. 
For longer range code changes the recommendations focus on enhancing the target performance approach 
currently in the City of Seattle code but not widely used for compliance at this time. Prior work at PNNL 
in this area has suggested structural changes to the target energy use intensity (EUI) requirement that 
might be more flexible for compliance.  
A framework for quantifying environmental impact in future energy codes is explored based on exergy 
analysis. An example exergy analysis is performed that quantifies the environmental impact of electric 
resistance heating and provides motivation for removing this as a space heating method in future Seattle 
codes.  
In general the findings in this report support the prior work the City of Seattle has done to create  it’s  
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This study presents the research by the Pacific Northwest National Laboratory (PNNL) to determine 
possible enhancements to the City of Seattle energy code. The City of Seattle is a progressive 
municipality that has a history of innovation in energy codes. Early adopters of new energy code methods 
help drive energy efficiency nation-wide as new methods become part of the model energy codes that are 
widely adopted by states and other jurisdictions. 
PNNL conducted this study at the request of the City of Seattle through the Commercial Building 
Partnerships program.  The U.S. Department of Energy (DOE) extended this technical assistance 
opportunity to jurisdictions that have been designated as Climate Action Champions.  DOE offered to 
provide these communities with opportunities for financial and technical assistance to support and 
advance their greenhouse gas emissions reduction and climate resilience objectives.   
Commercial Building Partnerships is a public/private, cost-shared initiative that demonstrates cost-
effective, replicable ways to achieve dramatic energy savings in commercial buildings. Through the 
program, companies and organizations, selected through a competitive process, team with U.S. 
Department of Energy (DOE) and national laboratory staff who provide technical expertise to explore 
energy-saving ideas and strategies that are applied to specific building project(s) and that can be 
replicated across the market.   
This project focused on adjustments to the energy code that would result in long-term and sustainable 
energy and carbon reduction. Developing low carbon building operations will facilitate the larger goals of 
the City to reach near zero-carbon operations. In 2013 the City published a Climate Action Plan that 
targets 82% reduction in Green House Gas (GHG) emissions by 2050 from 2008 levels in the building 
sector [1]. 
 
The City of Seattle is located in Washington State with a population of approximately 776,000, but 
predicts an increase in population of 100,000 in the next 20 years [1]. Annually the city uses 9y106 
Megawatt-hours of energy generated primarily from hydro-electric dams [2]. In 2012, residential energy 
consumption in Washington state was 23.5% and the commercial sector was 18.3% [3]. The City 
estimates that 20% of GHG emissions from within the city are from buildings [1]. The City of Seattle has 
set an ambitious target to be carbon neutral by 2050. To facilitate this goal the city is committed to 
progressive energy requirements for buildings.  
 
In 2001 the City developed an energy code that was 20% more efficient than the current model energy 
standard for commercial buildings, ASHRAE 90.1-1999 [4]. In recent years the City adopted the first 
requirement for rooftop photovoltaics that is considered a model for future national implementation [5].  
 
The City of Seattle has also implemented an Energy Benchmarking and Reporting Program that requires 
buildings 20,000 square feet or larger to track and annually report energy performance. The City of 
Seattle Energy Benchmarking and Reporting Program was enacted into law in 2010 [6]. 
 
This research project provides the City of Seattle with background information to assist in developing a 
strategy for building long-range planning into energy codes.  This report includes a review of existing 
green building codes, and more innovative methods that might be appropriate for a longer term 








This report offers recommendations that would help support energy code regulations on sustainable 
energy use reductions, rather than the immediate reductions facilitated by emerging low-cost, high-
efficiency mechanical, lighting and control systems. The report also provides options that offer progress 
towards zero-carbon or very low carbon building operations. The report offers a set of recommendations 







2.0  Review  of  Progressive  Energy  and  Carbon  Policies 
To understand the challenges and limitations in creating a progressive energy code or standard, a focused 
literature review was conducted to provide context for  Seattle’s  planning. Energy codes present 
challenges with adoption, compliance, and enforcement for most jurisdictions. Many of these issues are 
magnified in progressive codes, as compliance becomes more expensive for developers and enforcement 
becomes more complex. The role of building occupants is also a challenging part of building energy use 
that has not been addressed by traditional energy codes, but may be appropriate for a code in the future 
that is focused on carbon reductions. 
2.1  Code  Compliance  and  Enforcement 
 
A recent study by Pan and Garmston [7] evaluated compliance with a progressive energy requirement in 
the United Kingdom for dwelling units. The UK government has set a target of net zero carbon buildings 
in the most recent regulations, and evaluates incremental changes in the code requirements in terms of 
carbon  reduction  in  addition  to  energy  performance.  They  use  a  “carbon  index  method”  as  one  
mechanism for compliance. The study found that only about one third of the 400+ new dwellings 
complied with regulation. The authors suggest increased training may assist with improving compliance.  
 
No recent published results for energy code compliance in the Northwest were found. A much older study 
by Vine [8] reports data, but recent work by the Northwest Energy Efficiency Alliance to characterize the 
commercial building stock in the Northwest may provide context for the question of compliance [9]. 
 
Withers et al. studied code enforcement in the state of Florida with a random sample of 50 commercial 
buildings and 45 homes using the performance approach [10]. In commercial buildings the largest issues 
with compliance occurred in window orientation (84.6%), exterior lighting (50%) and heating/cooling 
systems (30.8-38.5%). On the residential side non-compliance occurred most frequently in windows 
(47%) and water heating (35%). The authors suggest additional education and streamlining of the 
compliance process to improve outcomes for the energy code.  
 
As the stringency of energy codes increases, the behavior of occupants plays an increasing role in 
building energy performance. A few studies have quantified the role of occupants. In Seattle a long-term 
study by Emery and Kippenhan compared four homes with different thermal envelopes and occupants 
[11]. More recent analysis of Seattle buildings implies that occupants play a significant role in the long-
term performance of energy efficient buildings [12].  
2.2  Progressive  Energy  Codes 
 
In recent years stretch energy codes have been developed by both ASHRAE and the ICC. The 
International Green Construction Code (IgCC) was developed by the International Code Council and 
represents a comprehensive model code for adoption by progressive jurisdictions [13]. The 
ANSI/ASHRAE/IES/USGBC Standard 189.1-2014, Standard for the Design of High-Performance Green 
Buildings was developed to provide similar guidance for high performance buildings [14]. Both of these 
model codes and standards are comparable to the existing City of Seattle energy code.  
 
To go further and consider energy codes in the future that more directly target carbon, a more extensive 
literature search was performed. In 2010 Cohan et al. proposed several enhancements to future energy 






acknowledge this might be difficult to implement. The authors also suggested regulations for 
commissioning and post-occupancy monitoring as the City of Seattle has already adopted. The authors 
encouraged removing low-efficiency options from the code to avoid penalizing efficient designs in the 
performance approach. As of this writing, several such proposals are being considered in the development 
of the 2015 Washington State Energy Code, on which the Seattle code is based. 
 
Researchers at PNNL have published several papers about future changes to energy codes [16]–[18]. A 
comprehensive study to look at improving commercial energy codes was performed by Rosenberg and 
Hart in 2014 [17]. The authors developed a list of enhancements for energy codes based on a review of 
recent publications in this field. A few of the enhancements may be relevant to the City of Seattle, but 
many of the suggestions have already been implemented by the city.  
x Future energy codes should ensure low performing design options are eliminated or balanced 
with high performing options.  
x The progress of energy codes should be measured on a fixed scale that can more easily track 
progress towards zero energy buildings  
x Existing buildings need to be addressed by energy codes to ensure that once constructed, 
buildings are maintained and operated efficiently.  
x Expand scope of energy codes to include currently unregulated loads such cooking equipment, 
plug loads, industrial processes, computing equipment, etc.  
x Future codes should require or encourage on-site renewable energy. 
 
2.3  Progressive  Carbon  Policy 
 
The 1997 Kyoto Protocol established a clear incentive for many countries to aggressivly pursue carbon 
policy and reforms. Since the 1990s some European countries have adopted carbon taxes [19], an 
approach favored by some economists as one that promotes reduction of some fuels that have higher 
green house gas contributions. The City of Seattle has a progressive climate action plan to reduce carbon 
emissions by 2020 [1]. 
 
In the United Kingdom a carbon trading system allows firms to trade or bank emissions credits for future 
use. A similar program in Belgium for the transportation sector has emerged, and Lee and Yik propose 
that a trading system could apply to buildings [20]. They also provide an overview of international 
building energy codes and related regulations. Only the energy requirements in the United Kindgdom 
have been designed to directly reduce GHG emissions, but the requirements are primarily organized 
around energy and it is not a formal carbon or environmental code. 
 
A code using GHG reductions as the primary driver has not been successfully implemented in the US. 
This would represent a key shift in thinking that offers the possibility of more progressive energy 
efficiency improvements, but also a mechanism to broaden the scope of existing energy codes to focus on 
environmental issues. Existing programs that promote buildings practices that exceed code requirements, 
such as, LEED [21] and the Living Buildings Challenge [22], offer two non-regulatory programs that seek 
both energy and environmental benefits. Many concerns about the structure of the LEED program have 
been voiced in the building industry [23]. Other authors have provided summaries of existing methods for 
evaluating sustainability and green buildings beyond energy [24]. 
 
One benefit of shifting the City of Seattle code to a carbon and environment base would be an enhanced 
ability to look at fuel choices rather than simply energy efficiency. Current energy codes are developed 






provided by an older coal fired power plant and energy provided by a renewable solar system. The 
decision criteria for improving the energy code could shift away from traditional life-cycle cost of energy 
measures and become focused on life-cycle environmental impact and exergetic efficiency as shown in 
Table 1. 
 




Enhancement and Decision Criteria 
Traditional model 
energy codes and 
standards 
x Life cycle cost of energy efficiency measure. For example, the 
increased cost of a more efficient window must pay for itself over the 
life of the building. 
x Thermal comfort of occupants. 
x Health and safety of occupants. 
 
Proposed energy and 
environment codes and 
standards 
x Life cycle environmental cost of efficiency measure. For example, the 
choice of an LED lighting product has a lower life-cycle 
environmental impact than a CFL lighting product [25], but also has 
improved energy efficiency. 
x Exergetic efficiency of the proposed measure. For example, electric 
resistance heating has a low exergetic efficiency compared to a ground 
source heat pump. (See explanatory box below.) 
x Minimizing clean water use and increase water recycling. 
 
Life-cycle cost (LCC) analysis has been used for decades to assess the cost of changing the energy code. 
For example, policy analysts would determine the cost of upgrading from a specific R-value of insulation 
and use energy modeling software to determine the lifetime economic performance of the measure. The 
assumptions in this type of analysis include the ideal physics of a full annual energy simulation, the cost 
of the energy upgrade, the life of the energy measure, and the cost of energy in the region. Many of the 
inputs are difficult to determine (such as local cost) [26] and dependent on local climate, but have become 
the basis of energy code changes. 
 
Life-cycle analysis (as compared to life-cycle cost analysis) 
could serve as the basis for analysis in a carbon code, but 
rather than focusing the calculation on lifetime economic 
performance, the analysis would shift to minimizing 
environmental impacts. This can be accomplished using 
traditional life-cycle analysis tools and metrics by including 
potential green-house gas impacts. Life-cycle analysis, also 
known  as  “cradle-to-grave”  analysis  compares  products  on  
some functional unit. For example, a lighting product might 
be evaluated on lumens produced.  
 
Alternatives have been proposed to life-cycle-analysis for 
assessing the sustainability of buildings [27]. Exergy is a 
property used by the thermodynamics community to evaluate 
the maximium useful energy that could be extracted from a 
system [28]. Exergy is also a way to quantify the quality of 
energy resources.  
 
It would be thermodynamically 
accurate  to  state  that  “energy  
conserves  itself”  due  to  the  first  law  of  
thermodynamics. The law observes 
that energy may not be created or 
destroyed. 
 
For thermal processes such as water 
heating, space heating and air 
conditioning, it would be an 
improvement to focus instead on 
saving  “exergy,”  as  a  thermodynamic  
property that may be destroyed. 
Typically we destroy exergy in a 
system by converting high quality 






The exergy of a system is the maximum useful work possible that would bring the system into 
equilibrium with the environment. This means some forms of energy offer a higher maximum useful 
work, like electricity, which could be used to spin a shaft or power a computer. Other energy forms, like 
heat, have a lower maximum useful work and would require complex systems to convert the heat to 
useful work. For example, you cannot power a computer using only heat, and spinning a shaft with only 
heat would typically require a phase change (steam) to spin a turbine. 
 
This approach is similar to how water use is perceived.  It is well understood that water has different 
levels of quality, and highly purified water should be used for consumption and cooking, but graywater 
harvested on a rooftop should be used for landscape irrigation. In the same way electricity represents the 
most highly ordered form of energy, and should be reserved for applications that truly require it as shown 
in Figure 1. One conclusion from exergy analysis is often that lower quality energy like heat should be 
used for space heating applications whenever possible.  
 
In Seattle, most electricity is produced by hydroelectric dams, without fossil fuel combustion.  However, 
the production of electricity from hydropower still has environmental impacts. Hydropower production 
impacts fish habitat and water ecosystems. Production of power from other renewable energy sources like 
wind and solar have environmental issues including birds and silicon production. Regardless of the 
method for energy production, high quality energy like electricity should be reserved for applications like 
lighting or computers that require it.  
 
 
Figure 1. Illustration of energy quality in buildings as depicted by International Energy Agency (IEA) 
Energy Conservation in Buildings and Community Sytems Annex 49 [29]. Hydroelectric power and other 
renewable energy sources have smaller green house gas contributions but still impact the environment and 
should be reserved for high quality energy applications. 
 
In Switzerland policy development has started to shift away from limiting the amount of energy or carbon 
per person to the quality of energy utilization, specifically exergy [27]. Favrat has proposed a method for 
including exergy in the building energy code in Switzerland [30]. Many authors have proposed the use of 
exergy (exergetic efficiency) as a metric for assessing energy and environmental performance of 
buildings [29], [31], [32]. The IEA launched several research projects in 2002 to investigate exergy in 
buildings and provide tools for analysis of exergy in buildings [29]. A sequence of papers has emphasized 







The prior work has formally linked the definition of exergetic efficiency (𝜓), sometimes called second 
law efficiency, with the definition of the Sustainability Index (SI) [33]. The Sustainability Index is an 
environmental impact accounting system often used to describe the many elements that affect the 
environment including pollution levels, resource use, and management. 
 
𝑆𝐼 =   
1
1 − 𝜓 
 
One important advantage of using exergy to assess buildings is the correlation between high exergetic 
efficiency and reduction in green house gas emissions. One disadvantage of using exergy as a mechanism 
for assessment is that many engineers educated prior to the last few decades were not trained in the 
calculation and utility of exergy, but it has become more common in building science applications in 
recent years internationally. The technique may also be combined with traditional cost analysis using a 
method called thermoeconomics [28], or combined with life-cycle analysis using exergy as one part of the 
assessment [34]. 
 
Another form of assessment in buildings is called Total Quality Assessment, where analysis is based on 
energy, environment, and cost by weighting different parameters. LEED is an example of this type of 
analysis, but many others for buildings have been developed and reviewed [35]. The weight associated 
with each criterion in the overall assessment is often a source of debate. Berardi provides analysis of the 
different assessment systems around the world and the average weighting of each criterion. He found 









3.0  Progressive  Energy  Code  Review 
To determine possible code changes that might be viable in the City of Seattle, existing progressive model 
energy code sources were considered. The International Green Construction Code (IgCC) developed by 
the International Code Council [13] and the ANSI/ASHRAE/IES/USGBC Standard 189.1-2014, Standard 
for the Design of High-Performance Green Buildings [14] were reviewed. As the existing national 
standards for green model codes and standards the documents were compared to the existing City of 
Seattle code to determine if incremental changes might be implemented.  
 
The comparison results show that City of Seattle energy code is very energy stringent in general, a few 
requirements even more stringent than the other green codes. For example, both the IgCC and the City of 
Seattle energy code typically require the total vertical fenestration area to be less than 30% of the gross 
wall area, with alternative pathways allowing 40% or more, while ASHRAE 189.1 allows 40%. 
Compared to the other green codes, most of Seattle’s  requirements  for building thermal envelope 
insulation are equal or even better. In addition, the City of Seattle energy code includes more detailed 
requirements in several areas. As one example, C403.4.3 in the City of Seattle energy code describes 
hydronic system controls, with requirements of two and three pipe system, heat pump systems, part load 
controls, pump isolation and variable flow controls. This chapter provides detailed reference in hydronic 
system control, while the other green codes lack this kind of requirement. 
 
After reviewing the City of Seattle energy code, a few possible areas for improvement were identified. 
However most of the elements not directly found in the energy code exist in other City of Seattle 
regulations. These items include site planning, storm water management, landscape irrigation, moisture 
control, building site waste management, and transportation impact.  
 
A comparison table was developed including four categories for code measures: envelope, lighting, 
Heating, Ventilation, and Air Conditioning (HVAC), and site/orientation. Each category has multiple 
rows, comparing the specific items in the Seattle code when compared with the other two green codes. 
For  each  “Energy  Measure”,  the  table  specifies  the corresponding sections of other energy codes to allow 
for cross-referencing. The full comparison is included in Appendix A, and the only significant option 
found for the City of Seattle was a reduction in lighting power density values that was already proposed 










4.0  Future  Code  Change  Analysis 
To determine longer-term code change proposals that might assist the City of Seattle to reach low-carbon 
building operations, more progressive proposals should be considered. After a detailed literature review, a 
few key areas are suggested within this chapter for the City to focus on, primarily the use of exergy 
analysis for evaluation of future code change proposals to quantify environmental impacts. 
4.1  Outcome  Based  Codes  (Target  Performance  Path) 
 
Many leaders in the field of energy code development agree that longer-term energy code requirements 
should become measurement based [15]–[17]. Specifically the code will need to be structured on 
measurement of energy utilized on the building site each year rather than based on design assumptions 
from energy models. Most traditional energy codes require the enforcement agency to review design 
plans to determine compliance with the energy code, however due to complexity in the energy codes it 
may be difficult to determine if a building meets the requirements. Once building construction begins, 
enforcement requires a code official to visit the building and confirm insulation levels, window 
installation, and other energy measures are implemented correctly. This process puts the burden on the 
code official and the agency to monitor a complex design and construction process. 
 
To reduce the cost associated with design review and code official visits, many experts have theorized 
that a code requirement should be developed that simply requires that building energy meter data be 
reported annually. Energy consumption must be under an appropriate design threshold to comply with the 
energy code. This theory is supported by analysis performed by the New Buildings Institute (NBI) [36], 
and a progressive new alternative benchmark called the Living Building Challenge. The Living Building 
Challenge is an alternative to the U.S Green Building Council’s Leadership in Energy and Environmental 
Design (LEED) rating system and is focused on transformative change in buildings including many 
energy and environmental features, but also requires annual energy measurements to certify performance 
[22].  
 
In the long-term a code requirement for energy measurement facilitates the City of Seattle goal to reach 
low carbon buildings, and supports the Architecture 2030 challenge to reach zero net energy use buildings 
by 2030. The energy measurement approach also incentivizes building occupants to actively participate in 
keeping energy use low in the building after construction is complete. As more building designs include 
advanced control strategies and specialized HVAC systems, the role of occupants and maintenance teams 
becomes magnified in reaching energy performance targets. 
 
Challenges with measurement-based requirements include construction of a building that may be 
penalized for non-compliance, but still continues to perform badly over the life of the building. This 
scenario suggests that structuring the energy target using EUI should be carefully considered. To reduce 
this compliance issue the outcome based code should always remain coupled to a stringent set of key 
mandatory code requirements, particularly for the building envelope. Building envelopes complying with 
simple mandatory prescriptive minimums would  still  ease  enforcement  compared  to  today’s  approach,  
and would help ensure that buildings striving to meet a performance based standard would be more likely 
to meet minimum performance levels. 
 
The City of Seattle has already taken the first step on the outcome based code path by including the 
“Target  Performance  Path”  in  the  most  recent  commercial  code  [37]. This code compliance option allows 






indicate there have been challenges with realizing the benefits of the outcome based code path in the last 
year.  
x Building  designers  are  reluctant  to  have  no  “closure”  in  the  building  construction  process.  Adding  
an ongoing energy requirement makes this challenging. 
x Owners and designers are reluctant to commit to specific EUI targets based on uncertainty in the 
energy modeling process, occupant behaviors, occupancy patterns, and other complexity. 
x The target performance path is not popular with builders and insufficient incentive exists for them 
to try the alternative path.  
 
To implement a long-term outcome based energy code requirement several adjustments could be 
considered by the City of Seattle. 
 
Recommendation 4.1. The existing target code requirement could be enhanced by a detailed research 
study of optimal reductions in the EUI over time. Specifically the city could work with regional data sets 
and designers to determine the timeline for appropriate reductions in EUI, and in fact, such an effort is 
already underway. In the short term this data could be used to match the prescriptive requirements with 
the target EUI and confirm the best requirements, but in the long term this could be used to drive the City 
to zero net energy buildings. The key question is what reduction in EUI could be made with each code 
cycle in the future? Local and regional data [9] should be used to help optimize the EUI values chosen. 
Then reductions in the allowed EUI for each building type could be proposed to phase in energy and 
emissions reductions. This effort would also support the Climate Action Plan call for developing EUI 
targets by 2020 [1]. 
 
Data about how buildings are meeting the target code now could be collected to enhance the 
understanding of how this element of the existing code could be improved. Specifically, the Target 
Performance Path should be incentivized to encourage more projects to use it, but additional study may be 
needed to determine the best way to do so for most projects. 
 
If appropriate, a shift from EUI targets to a differential target scheme might also be considered, as 
outlined by Rosenberg and Hart [17]. These researchers propose that rather than EUI, the outcome target 
should be a differential compared to a stable independent baseline. This change in the outcome target may 
provide more flexibility for code users, but may be more complex to enforce.  
 
The differential target is explored in detail in Rosenberg et al. [18]. The proposed method would set the 
fixed baseline for prescriptive and mandatory requirements as ASHRAE 90.1-2004. Buildings planning to 
comply with a target performance method would then compare improved performance to ASHRAE 90.1-
2004 requirements. This stable baseline comparison could be calculated using the equation proposed by 
Rosenberg et al. and called the Performance Cost Index (PCI). 
 
𝑃𝐶𝐼 =   
[𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝐸𝑛𝑒𝑟𝑔𝑦  𝐶𝑜𝑠𝑡]
[𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒  𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔  𝐸𝑛𝑒𝑟𝑔𝑦  𝐶𝑜𝑠𝑡]  
 
Rosenberg et al. go on to illustrate an example for climate zone 5A, where the target PCI would become 
0.743 and any proposed office building with PCI less than or equal to 0.743 would meet the target 
requirement. As the energy code requirements become more stringent the PCI is adjusted rather than the 
target EUI. 
 
Recommendation 4.2. Implement target performance outcomes for specific areas of the energy code. One 






density (typically W/m2) is fixed this might be an area where designers and owners might be more 
comfortable with a requirement.  
 
This method might offer interesting options to the City for enforcement. Design elements like lighting 
power density could be de-coupled from occupant behaviors like over-riding automatic lighting controls. 
Design/build teams could maintain responsibility for design element performance, but behavior based 
enforcement penalties could be shifted to the tenants in a leased space. 
 
Plug loads are not traditionally covered by the scope of energy codes, so adding an outcome based code 
requirement would add scope to the energy code beyond the new section C405.14 that requires controls 
for some plug loads [37]. The advantage of this addition would be a new way to engage building 
occupants, and an exemption could be included for installation of on-site renewable energy. 
 
Recommendation 4.3. Mandate the target performance as the primary non-prescriptive compliance path 
by removing the modeling performance approach (Section C407). This change would motivate many 
projects to shift to the new target performance path, and will provide significant energy and emissions 
reductions through increased compliance. 
 
This recommendation aligns well with the findings of some compliance and enforcement studies that 
concluded the performance approach to code compliance offers flexibility, but is the most difficult to 
implement and enforce [10]. By shifting the performance approach buildings to a target performance the 
designers and builders would be committed to making sure the building is constructed, commissioned and 
operated as designed. 
 
Recommendation 4.4. Increase prescriptive energy code requirements and maintain minimum thresholds 
in energy measures that may not be adjusted in target based compliance. This enhancement reduces the 
possibility of a non-compliant building that is constructed to meet a specific EUI target and but is still 
designed poorly. This is particularly important for building envelope measures and HVAC systems that 
are unlikely to be modified during the life of the building. Rosenberg et al. provide detailed samples of 
how prescriptive packages could be used to enhance a target code requirement [18]. 
 
Recommendation 4.5. Incentivize education and occupant engagement in energy and emissions 
reductions. One method to accomplish this may be to encourage target performance as part of beyond 
code programs like the Living Building Challenge that provide recognition to projects that provide 
excellence in meeting low energy targets. If more buildings pursue the Living Building Challenge with a 
measurement requirement rather than LEED the design community will become more comfortable with 
the new code compliance path. 
 
Recommendation 4.6. Consider methods to increase use of the target performance approach in existing 
buildings. The existing building stock will interact with the code as renovations occur using the 
measurement approach that has been implemented for existing buildings. In addition, utility rates could 
potentially be adjusted for existing buildings that consume energy at rates significantly higher or lower 









4.2  Electric  Resistance  
Heating 
 
In requesting this technical assistance, 
the City of Seattle expressed an interest 
in assessing the issue of electric 
resistance heating. In commercial 
buildings the practice of reheat for 
occupant comfort is still widely used. In 
the residential sector the installation of 
electric resistance baseboard heaters is 
widespread for multi-family, 66% of 
buildings in Seattle [12]. Historically in 
the Pacific Northwest the relatively low 
cost of electricity encouraged the 
installation of electric resistance heating.  
 
Electric resistance heating in homes has 
been a concern for energy and safety 
reasons. In 1998 the Consumer Product 
Safety Commission estimated there 
were 1800 fires associated with fixed-
position electric heaters that resulted in 
10 deaths and 110 injuries [38]. 
 
Perez-Lombard et al. studied the history 
of HVAC regulations in an international 
context. They discuss briefly the 
benefits of reducing electric resistance 
heating as an option in regulations 
unless it is provided by on-site 
renewable energy [39].  
 
The State of California has already 
effectively banned electric resistance 
heating [40]. (See the sidebar). Section 
140.4 (g) states the electric resistance 
heating systems shall not be used for 
space heating (sidebar). Exceptions 
include on-site renewable energy 
generation, back-up heating for heat 
pumps, and places were alternative heating fuels are not available.  
 
Other authors have analyzed heating and cooling systems in buildings using exergy for many years as 
shown in Table 2. Most of the studies focused on applications tied to renewable energy. Favar did analyze 
a room with different types of space heating and found that electric resistance heating had the lowest 
exergetic efficiency (7%) compared to other systems including radiant floor and forced air [30]. 
 
State of California Title 24 requirement for electric resistance 
heating [40]. 
 
SECTION 140.4 – PRESCRIPTIVE REQUIREMENTS 
FOR SPACE CONDITIONING SYSTEMS 
 
(g) Electric Resistance Heating. Electric resistance heating 
systems shall not be used for space heating.  
 
EXCEPTION 1 to Section 140.4(g): Where an electric-
resistance heating system supplements a heating system in 
which at least 60 percent of the annual energy requirement is 
supplied by site-solar or recovered energy. 
 
EXCEPTION 2 to Section 140.4(g): Where an electric-
resistance heating system supplements a heat pump heating 
system, and the heating capacity of the heat pump is more 
than 75 percent of the design heating load calculated in 
accordance with Section 140.4(a) at the design outdoor 
temperature specified in Section 140.4(b)4. 
 
EXCEPTION 3 to Section 140.4(g): Where the total capacity 
of all electric-resistance heating systems serving the entire 
building is less than 10 percent of the total design output 
capacity of all heating equipment serving the entire building. 
 
EXCEPTION 4 to Section 140.4(g): Where the total capacity 
of all electric-resistance heating systems serving the entire 
building, excluding those allowed under Exception 2, is no 
more than 3 kW. 
 
EXCEPTION 5 to Section 140.4(g): Where an electric 
resistance heating system serves an entire building that is not 
a high-rise residential or hotel/motel building; and has a 
conditioned floor area no greater than 5,000 square feet; and 
has no mechanical cooling; and is in an area where natural 
gas is not currently available and an extension of a natural 









Table 2. Summary of existing studies using exergy for analysis in heating and cooling systems in 
buildings.  
 
Authors Citation Year Approach 
Itard [41] 2005 Exergy calculations in the early design stage of 
buildings. 




[32] 2008 Exergy analysis of boiler heating system at different 
temperature set points. 
Favrat et al. [30] 2008 Exergy analysis of a few heating systems in the 
context of possible energy requirements. 
Balta et al. [43] 2010 Exergy comparision of heat pump, boiler, and 
renewable sources. 
Meggers [27] 2011 Heat pump analysis using exergy.  
Caliskan et al. [44] 2011 Exergy analysis of several air conditioning systems 
and one novel cycle system.  
Padilla [45] 2011 Exergy analysis of a VRF air conditioning system. 
Alshatti [46] 2011 Exergy analysis of a VRF air conditioning system. 
Dovjack et al. [47] 2012 Exergy analysis of traditional heating systems with 
low-exergy systems. 
Li and Svendsen [48] 2012 Exergy analysis of district heating system. 
Gopisetty and 
Pfafferott 
[49] 2013 Analysis of a low-exergy office building. 
Tuzcu et al. [50] 2014 Exergy comparison of a boiler and ground source 
heat pump. 
Khalid et al. [51] 2015 Exergy analysis of renewable energy heating and 
cooling systems. 
 
None of the existing studies focused on the question of assessing electric resistance heating in a mild 
climate, such as Seattle’s. To answer this question a thermodynamic model of a single-zone was 
developed and adapted to consider electric heating systems and also reheat in commercial applications.  
4.2.1 Energy and Exergy Model for Cooling 
 
To quantify the exergy benefits of reducing reheat in commercial buildings an example calculation 
method was developed. A single zone model was developed as shown in Figure 2 to represent a mid-sized 
office building during cooling conditions. The model was adapted from Mitchell and Braun [52] using 
standard thermodynamic modeling assumptions for air flow and psychrometrics. For each state marked in 








Figure 2. Energy schematic for the single zone building model adapted from [52]. 
 
Conservation of mass for a steady state system was used to determine mass flow rate (?̇?) for the amount 
of recirculation air in the mixed air stream and the mass flow rate of the exit air stream. In each case the 










Conservation of energy for a steady state system, Equation 2, was used to determine the cooling load 
(?̇?௖௢௜௟) and the amount of reheat required (?̇?௥௛) by calculating the change in enthalpy (ℎ) between state 2 
and 3. Conservation of energy in this model has no work term (?̇?) and the change in potential energy is 
negligible (𝑔𝑧). The change in kinetic energy due to velocity (𝑉) is often negligible over the cooling or 
reheat coils.    
 












To evaluate the exergy for an open system the exergy balance for a steady state system was used 
(Equation 3) [28]. This equation is used to account for all exergy transfer in an open system control 
volume. In this definition, the dead state temperature (𝑇௢) is used with the temperature of the heat transfer 
boundary ൫𝑇௝൯. The rate of exergy destroyed by the system (𝐸ௗ) is calculated from the other known 
values in the exergy rate balance. The flow exergy ൫𝑒௙൯ is defined by Equation 4 for each state in the 
system relative to state properties evaluated at the dead state. The entropy (s) and the entropy evaluated 
















൫𝑒௙௘൯ −  𝐸ௗ̇   
 
Equation 3 
𝑒௙ = ℎ − ℎ௢ − 𝑇௢(𝑠 − 𝑠௢) +  
𝑉ଶ










The exergetic efficiency (𝜓) is calculated by inspection of the terms in Equation 3. Exergy associated 
with heat transfer, work and flow exergy is classified as exergy in or out of the system and used to 
determine the exergetic efficiency. 
 
A Constant Air Volume (CAV) system is used to supply a constant air flow rate regardless of occupancy. 
The temperature in the zone is controlled with the local reheat coil, typically a resistance heating unit or a 
hot water supply. The Variable Air Volume (VAV) system maintains the zone temperature primarily by 
adjusting the air flow rate to the zone. The VAV system may be designed and optimized to significantly 
reduce the use of reheat in the zone.  
 
To size the system the modeling assumptions in Table 3 where used. The inputs included the outside air 
conditions, and then an iterative set of equations was used to solve for the cooling load (?̇?௖௢௜௟) following 
the methodology developed by Mitchell [52] in the software tool Engineering Equation Solver (EES). The 
cooling coil size required for the building is roughly 50 tons.  
 
Table 3. Assumptions used as a design condition (high temperature and high load scenario) for the 
thermodynamic model of a single zone building [52]. 
 
Model Assumption Values 
Design Condition for Outside Air 92oF and 78oF wet bulb temperature 
Design Zone Load 500,000 Btu/hr with sensible heat ratio of 0.8 
Design Occupancy 80 people 
Design Air flow 1600 ft3/min  
Zone thermostat setting 77oF 
Chilled Water Temperature 55oF 
 
 
Case 1. Zone cooled with CAV and reheat.  
 
To understand the worst-case scenario for use of reheat in a commercial building the single zone model 
was analyzed for a CAV system with reheat. CAV systems are not commonly used in Seattle due to 
current energy code requirements, but this provides a baseline for the exergy analysis.  
 
Once the high temperature scenario was used to size the system, a part load model was considered for a 
more characteristic Seattle summer day. The outside air temperature was adjusted to 82oF, and the zone 
load was lowered to 350,000 Btu/hr. Since the CAV system flow rate is the same in the full load or part 
load system the flow rate for the system is now fixed at the design condition.  
 
To calculate the flow exergy at each state in the system the thermodynamic properties were calculated and 






chilled water temperature, and the boundary temperature for the reheat system is assumed to be 200oF. 
The results are shown in Table 4.  
 
Case 2. Zone cooled with VAV and limited reheat. 
 
To illustrate the importance of reducing reheat, an example VAV system was modeled with a control 
system that does not allow reheat. This type of system is permitted by the Seattle energy code but is often 
not implemented in an optimal way that actually eliminates reheat. 
 
The same zone model was used to examine the alternative design strategy using a VAV system. The use 
of the VAV system allows the zone temperature to be maintained without the use of reheat or minimal use 
of reheat. This system improves the exergetic efficiency by approximately 10% and results in 30,000 
Btu/hr less exergy destruction. The conditions in the zone are comparable for the occupant comfort with a 
relative humidity of 46.6%. 
 
Table 4. Energy and exergy results for the single zone model with CAV and VAV. The exergy savings 
quantifies the detrimental environmental effects of reheat by reducing or eliminating reheat. 
 
Model with 82oF Outside Air Case 1: CAV Case 2: VAV Energy and Exergy 
Savings of Removing 
Reheat 
Cooling Coil Energy (?̇?𝒄𝒐𝒊𝒍) 
 
513,628 Btu/hr 386,608 Btu/hr 127,020 Btu/hr 
Reheat Energy (?̇?𝒓𝒉) 
 
19,622 Btu/hr 0 Btu/hr 19,622 Btu/hr 
Exergy Destruction (𝑬𝒅) 
 
49,649 Btu/hr 19,792 Btu/hr 29,857 Btu/hr 
Simple Exergetic Efficiency (𝝍) 
 
8.6% 18.5% - 
Sustainability Index (SI) 
 
1.094 1.226 - 
 
Although energy analysis alone supports the reduction or elimination of reheat as a control strategy in 
buildings, the exergy destruction in the system using reheat illustrates the importance of exergy reduction 
as a control strategy for buildings. It also quantifies the detrimental environmental effects of reheat, which 
can be improved by at least 10% in a typical office building zone by reducing or eliminating reheat. 
 
An analysis of a Variable Refrigerant Flow (VRF) system was not performed, but the exergy destruction 
in a system of this type has the potential to be lower than the VAV system due to the ability to provide 
simultaneous heating and cooling. VRF systems, when well designed, may also facilitate the exchange of 
waste heat between zones, which would further improve exergetic efficiency [53].  
4.2.2 Energy and Exergy Model for Space Heating 
 
A similar set of modeling conditions were developed to quantify exergy impact in space heating 
applications. This model was based on residential applications so the zone model was simplified, but was 
assumed to require 4 tons of heating capacity with 1250 ft3/min air flow to be consistent with a residential 
application. The dead state for the exergy calculations was assumed to be the same as the outside air 







Table 5. Assumptions used for the thermodynamic model of a single zone space heating application. 
 
Model Assumption Values 
Outside Air Temperature 17oF dry bulb and 15oF wet bulb temperature 
Zone Heating Requirement 4 tons (48,000 Btu/hr) 
Design Air flow 1250 ft3/min based on ASHRAE design conditions 
Zone thermostat setting 70oF 
 
Case 3. Zone heated with an electric resistance baseboard.  
 
For the first heating model the zone heating requirements were fixed and the conversion of electricity to 
heat was calculated. An overview of the heating zone model is shown in Figure 3, where the heating load 
is fixed. The boundary temperature of the heat transfer was assumed to occur at the temperature of the 
electric resistance coils, 250oF based on experimental data from Butturini [38]. 
 
 
Figure 3. Energy schematic for the single zone heating model with an electric resistance heating element.  
 
Equation 1 and Equation 2 were simplified for this model and used to determine the inlet temperature of 
the air for the heat transfer required. Equation 3 and 4 were also used to calculate the specific flow exergy 
and the exergy destruction in the system.   
 
In this simple model the conversion of the electricity to heat is very efficient if only the first law 
efficiency is used. However, the results indicate that the exergetic efficiency is poor, estimated to be 
12.8% when the outside air temperature is 17oF. This makes sense since the highest grade of energy, 
electricity, is being used for low temperature space heating. This is an inefficient way to heat a space from 
an environmental and energy quality perspective. 
 







To compare the performance of the electric resistance heating system, a standard air source heat pump 
was considered. As shown in Figure 4, the heat transfer with the outside air occurs in the evaporator, and 
a simplified thermodynamic model of a heat pump was developed.  
 
 
The Coefficient of Performance (COP) was used to characterize the system in terms of the heat to the 










For this model the minimum Seattle code requirements for air source heat pumps were used as inputs. The 
coefficient of performance (COP) was set as 2.25 and required air source temperature of 17oF was used 
with a wet bulb temperature of 15oF. 
 
Case 5. Zone heated with a ground source heat pump. 
 
For the final model the heat pump from Case 4 was modified to be a ground source heat pump operating 
with well water exchanging heat in the evaporator. The minimum Seattle code requirements for ground 
source heat pumps were used as inputs. The coefficient of performance (COP) was set as 3.6 and required 
water source temperature of 50oF was used.  
 
As shown in Table 6 the exergy analysis results of the simple heating zone model indicate that electric 
resistance heating has an exergetic efficiency of only 13%. This compares well with the results from the 
literature for a different building model that found an efficiency of 7% [30]. Significant environmental 
benefits could be realized by removing this heating system as an option in the Seattle area. Adopting the 
code minimum air source heat pump (Case 4) has a significant improvement on both the exergy 
destruction and exergy efficiency. A more efficient option of a ground source heat pump (Case 5) offers 
even more environmental benefits. 
 
Table 6. Energy and exergy results for the single zone heating model. The exergy savings quantifies the 
detrimental environmental effects of electric resistance heating. 
 
Model Case 3: Electric 
Resistance 
Baseboard 








of Heat Pumps 
Coefficient of 
Performance (COP) 
NA 2.25 3.6 - 
Heating Energy (?̇?𝒐𝒖𝒕) 
 
48,000 Btu/hr 48,000 Btu/hr 48,000 Btu/hr - 
Exergy Destruction (𝑬𝒅) 
 





12.8% 29.6% 40.1% - 
Sustainability Index (SI) 
 







4.2.3 Exergy Modeling Conclusions 
 
The exergy calculations for space heating and cooling in Seattle quantify the environmental and energy 
quality benefits of removing electric resistance heating and reheat systems whenever possible. The 
exergetic system efficiency could improve 10-17% depending on the application.  
 
Exergy analysis also provides insights about many types of possible heating systems in buildings that 
would reduce exergy destruction, reduce environmental impact, and increase energy efficiency.  
x Passive solar heating should be encouraged. This type of heating matches the low temperature 
needs of space heating with the heat source.  
x Ground source heat pumps should be encouraged. Although their expense should be a 
consideration, they are the most efficient and most environmentally beneficial technology for 
space heating considered as shown in Table 6.  
x Waste heat in buildings should be used for space heating whenever possible. This type of low-
exergy design strategy offers energy and environmental benefits.  
x District heating and combined heat and power systems should be encouraged that furnish low-
grade energy (waste heat) to buildings. A recent study of fuel cells in this application was 
conducted in the Northwest [54]. 
x Community energy development should be encouraged whenever possible. This might be 
community renewable energy infrastructure like solar or wind, but it might also be shared 
networks of waste heat for larger geothermal heat pumps [29].  
 
Recommendation 4.7. Remove electric resistance space heating as an option in the energy code. The 
language used by California in the Title 24 may serve as a template. The motivation for the removal is 
both safety and poor environmental performance of the systems. In order to discourage a simple shift to 
oil or natural gas heating, such a policy should be paired with limitations on the use of fossil fuels. This 
would focus development towards high-efficiency systems such as heat pumps and VRF technology. 
 
Recommendation 4.8. Incentivize lower exergy controls systems that reduce or eliminate reheat in 
traditional systems. The use of VRF systems and other low-exergy emerging systems should be studied 















5.0  Conclusions  and  Recommendations 
After careful review of possible enhancements to the City of Seattle energy code it is clear that it is one of 
the most progressive jurisdictions in the country. The existing energy code requirements are already well 
aligned with the progressive green energy codes and recommendations espoused from the thought leaders 
in the field.  
 
A summary of the recommendations from this report provides three key focus areas.   
1. Continue to enhance the Target Performance Path in the City of Seattle energy code. Removing 
the existing performance path and pushing buildings to pursue the target performance path has 
many benefits including improved energy performance, and reduced carbon emissions. 
2. Move forward with a formal prohibition of electric resistance heating systems for most 
applications in the energy code. The preliminary exergy and environmental analysis of the system 
supports the removal of electric resistance heating, particularly in the residential sector.  
3. Consider including exergy analysis as a method for quantifying environmental benefits of future 
code changes.  
International innovators are shifting energy codes away from simple improvements in energy 
efficiency and have started to consider environmental and carbon enhancements. The future of 
progressive codes in the United States may continue to shift in this direction focusing on energy quality 
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Appendix A. Summary of a code comparison of The International Green Construction Code (IgCC) developed by the International Code Council 
and the ANSI/ASHRAE/IES/USGBC Standard 189.1-2014, Standard for the Design of High-Performance Green Buildings. No significant energy 
or carbon proposals were found other than LPD requirements already proposed for 2015 code cycle. 
 
Energy Measure Seattle Code 
Requirement 








insulation of "attic 
and other" 





Table C402.2, R-10 Table A-4, R-18 Table E-4, R-20 High High 
Moisture control  Requirements exist in the building and residential codes similar to other standards. 
Sec. 507.1, Foundation sub-soil drainage system. 2. Foundation waterproofing. 3. Foundation damp-proofing. 4. Under slab water vapor protection. 5. Flashings: Windows, exterior doors, skylights, wall flashing and drainage systems. 6. Exterior wall coverings. 7. Roof coverings, roof drainage, and flashings. 
Sec. 8.3.6 Moisture Control. Either a dynamic heat and moisture analysis in accordance with ASHRAE Standard 160 or steady-state water vapor transmission analysis in accordance with Sections 8.3.6.1 and 8.3.6.2 shall be performed on above-grade portions of the building envelope and on interior 
Low Low 
Automatic Controls 
for Egress and 
Security 
Lighting 
Requirements for shutting off lighting on unoccupied floors and turning stairwell lighting down when unoccupied. 
Sec. 7.4.6.3., Lighting in any area within a building that is required to be continuously illuminated for reasons of building security or emergency egress shall not exceed 0.1 W/ft2 (1 W/m2). 






Additional egress and security lighting shall be allowed, provided it is controlled by an automatic control device that turns off the additional lighting. 
Plug load control Section C405, requires 
50% of all office and 
classroom electrical 
outlets (including those in 
office cubicles and office 
partitions) to be controlled 
by occupancy sensors or 
automatic time clocks, so 
it’s  actually  more  
extensive than the other 
referenced codes.   C409.3.4 Plug load system energy use. This category shall include all energy used by appliances, computers, plugged-in task lighting, and other equipment and devices, but not including vertical transportation equipment or equipment covered by other end-use metering categories listed in Section C409.3. In a building where the main service is 480/277 volt, each 208/120 volt panel is permitted to be assumed to serve only plug load for the purpose of Section C409, unless it serves nonresidential refrigeration or cooking equipment 
Sec. 608.6, Receptacles and electrical outlets in the following spaces shall be controlled by an occupant sensor or time switch as follows: 1. In Group B office spaces without furniture systems incorporating wired receptacles, not less than one controlled receptacle shall be provided for each 50 square feet (4.65 m2). 2. In Group B office spaces with furniture systems incorporating wired receptacles, not less than one controlled circuit shall be provided at each electrical outlet used for powering furniture systems. 3. In classrooms in Group B and Group E occupancies, not less than four controlled receptacles shall be provided in each classroom. 4. In copy rooms, print shops, and computer labs, not less than one controlled receptacle shall be provided for each data jack. 5. In spaces with an overhead cabinet above a counter or work surface, not less than one controlled receptacle shall be provided for each work surface. 
N/A Medium Medium 
Transportation 
impact 
Requirements in other city codes include bicycle parking and shower facilities in new 
Sec. 407, Walkways and bicycle paths, Changing and shower facilities, Bicycle parking and 
Sec. 5.3.7 Mitigation of Transportation Impacts, including Pedestrian and Transit 






construction.  storage, Preferred vehicle parking Connectivity, Bicycle Parking, Site Vehicle Provisions 
LPD factors for building area method [W/ft2] 3 
Court house 1.05 0.95 0.95 Medium Medium 
Dining: 
cafeteria/fast food   
0.9 0.95 0.95 Medium Medium 
Hospital 1.2 0.95 0.95 Medium Medium 
Library 1.18 0.95 0.95 Medium Medium 
Religious building  1.05 0.95 0.95 Medium Medium 
School/university 0.99 0.9 0.9 Medium Medium 
Town hall 0.92 0.95 0.95 Medium Medium 
LPD factors for space-by-space method [W/ft2] 
Classroom/lecture/
training 








1.31 0.9 0.9 Medium Medium 
Family dinning 0.89 0.85 0.85 Medium Medium 
Laboratory for 
classrooms  




1.81 0.95 0.95 Medium Medium 




2 N/A 1 Medium Medium 
Office – enclosed  1.10 0.95 0.95 Medium Medium 
Office – open plan 0.98 0.85 0.85 Medium Medium 
Sales area  1.68 0.95 0.95 Medium Medium 
 
                                                     
3 Lighting power requirements have been proposed for adjustment in the 2015 code cycle. 
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